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Elic James Wclnh Space Telescope fJWST) is an upccimlng flag 4 * flip njwwrvatory mluUoti 
scheduled to bt launched )n 2G18. Three of the four science instruments are passively cooled 
Id (heir operational temperature range of 36K to 4(lK f and the fourth Instrument ts actively 
cooled io its operational temperature of appro x I mutely bK, The requirement for multiple 
thermal zones results In the instruments being thermally connected to fire external radiators 
via individual high purity aluminum heat straps. Thermal- vacuum and thermal balance 
testing of the flight Instruments ut the Integrated Science Instrument Module {TSIMl 
element level wHl take place within a newly constructed shroud cooled by gaseous helium 
inside Goddard Space I light CtnltrV iGSFC) Space E mirunmfint Simulator (StiS), 'fhe 
flight external radiators are not available daring ISlMdnd thermal vacuum/thcrmal 
tiling, so they will be replaced in test with stable .uid adjustable thermal boundaries with 
Identical phvid&d interface* to the flight radiators. Those boundaries arc provided by 
specially designed lest hardware which alMi measures the JlceiI flow within each of the five 
heat straps to an accuracy of < 2 uiW, which is less than 5 1 $ of the minimum predicted beat 
flow values. Measurement of the hpnl loads to this accuracy is essential to 1SIM tfacrmtil 
model correlation, since thermal inmlek are more accurately correlated when temperature 
data is supplemented by accurate knowledge of heat flows. It also provides direct 
verification by test of several high-level thermal requirements. Hr vices that meuKure heat 
flow In Hill manner have historically been referred to as " £ Q-iaclers’\ Perhaps the most 
important feature or the design of the JWST O meters is that it does not depend on the 
absolute accuracy of Ha temperature sensors, but rather on knowledge of precise beater 
power required to mumudn a constant temperature difference between sensore oil two 
stages, for which a table is empirically developed during a calibration campaign in a small 
chamber at GSFC This paper provide# a brief review of Q-mctcr design, and discusses the 
Q-mcter calibration procedure including calibration chamber modifications and 
BccammodatlmL',. handling of differing condition# between calibration and usage, the 
calibration process itself, and the rtsiiii*. of the tests used to determine if the calibration is 
successful. 


i. Introduction 

A. James Webb Space Telescope aiui the Integrated Science Instrument Module (JSThf ) 


Jsjne# Webb Space Telescope ISIM Thermal Tesi .Analyst 
1 James Webb Space Tel cm- upc ISIM Thermal System# Lend, I bcniMJ Engineering ItriDch, Code 545.3 
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T he James Webb Spues Telescope ( JWST) is an upcoming flagship observatory mi salon designed to be launched 
into orbit around the second Lagrange point before 20 18. It has a 6,5 m (deployed) muM-faected minor, and hs 
science instruments operate in abort to medium wavelengths to enable insights into the inflation of the galaxies and 
planets following the "Big Bang". NASA's Goddard Space Right Center (GSPC) is the mission lead, and is directly 
responsible for the Integrated Science Instrument Module (ISIM), inc hiding its integration and test The suite of 
four science instruments, located in the cryogenic volume behind the primary reflector (denoted as Region 1 in 
Figure 3 IX isoompitsqd of the Near Infrared Spectrograph (NIRSpec), primarily sponsored by Lbc European Space 
Agency (ESA) with substantial NASA contribution; die actively cooled Mid Infrared Insirunveni (MIRI), jointly 
sponsored by ESA and Lhe European Consortium (EC); the Fine Guidance Sensor (FGS), provided hy the Canadian 
Space Agency (CSA); and the Near Infrared Camera INlRCum), provided by NASA. In flight, MRSpec, MR Cam, 
and FGS ojx coaled to the range of 36K to 40K passively vin heat transfer through complex high -purity aluminum 
itennal links to dedicated radiators, while the MJRi is actively cooled to approximately 6K using a cryocooier, 
NASA provides the cooler and supplemental hardware for MJRI. The cooler's comprefWi nr js located ut the ambient 
temperature spacecrafi bus, outside the cryogenic Region 1, The science Lnstra meats are mono Led on the IS1M 
structure, a special composite truss siructurc designed! for CKceptinn-ti optical stability, provided by NASA "The 
Observatory Prime Contractor is Northrop Grumman Aerospace Systems (XGA5), 


Figures 3 I and I 2 fllus Crate the observatory and the major components of the IS EM, respectively. The ISfM 
Electronics Compartment (lEC), in clc.w proximity to Region 1, houses lhe instrument and detector control 
electronics, and operates at approx innately ambient temperature and is denoted as "Region 2", The 15 1 M Harness 
Radiator i 1 HR), which operate* below SDK and is also provided by 1SLM rejects most harness parasitic heal loads to 
space before the harnesses enter Region ! . The ISIM thermal control subsystem provides 53 flight housekeeping 
temperature wnsore on the instruments, ISlM structure, radiators, uod other locations, and trim heaters to guarantor 
minimum instrument operational ternpcnmires. It arrange* fot control or cxintammatiod control beater* on each 
instrument (except the MIRI), to avoid contamination during past- launch cooldown, and in the event of 
centum! nation on- station 
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Refcrcticc papers 1 , 2 and $ provide a more comprehensive description of the iWST and 1 SIM- 

n. Q- Meter Description and Purpose 

A Q meter i* a Jcvicc tfm' meiiurts heal flow through iL and by extension, heat flow through anything that is 
attached to the device jn series. In the amplest sense, a Q- meter can be thought of as a calibrated thermal 
conductor 

The IS1M element will be thermally tested in the Goddard Space Flight Center's Space Environment Simulator 
(SESl chamber in a 3-part thermal vacuum > thermal balance lest. beginning in February 2013. Flight- like Thermal 
boundaries will be provided by temperature-comn>Ucd radiative panels and conductive interfaces, The flight 
radiators, which provide the thermal boundaries at ‘he ends of the heal straps, are not present in the ISIM-ievcl 
thermal test; instead, the beat straps will terminate fit the non- flight Q- meters. These Q-naeters thus serve a dual 
purpose; L) to provide stable and controllable thermal boundaries s;nv.ilat:ng the radiarora. and 2) to measure with 
high accuracy the heat flow to the radiators. 

The primary objectives of the ISEM Cryu-Vsc test include: 

* Verification of optical performance using a sophisticated optical source simulator situated below the 
fSIM; 

* Verification of eleciricui and software operation; 

* Qualification of (he I SIM over its operational temperature range; 

* Correlation of the thermal mode] by running several thermal balance cases, enabling accurate thermal 
predictions for JlighL 

* Validation of the IS EM ’.hetmal design 

Figure 12 shows the high purity aluminum heat straps used to transfer hern from 3 of the 4 instruments to 
external racfittOfS to passively cool them to then operational temperature ranges. The 5 Q heal strap, attached near 
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tiie VI I RI mount. feet and harnesses, reduces ptirasitic heal loads to the instrument, enabling the cryo-coolef tn crml 
that in*tru.nicfit to 6 K. 

Metis urcment of heat transferred to the radiator* under operational conditions is critical to ISIM thermal 
verification and mudcl correlation. This is accompli -.ned by Lhc highly accurate Q- meters, since the heal straps arc 
Ihe principal avenue for the conductive heal transfer from the instruments to the radiators.. The thermal model can be 
correlated wing the large number of flight temperature sensors, however, accurate measurement of the heat flows to 
the radiator* through the heat straps enables a more comprehensive undemanding of rhe parasitics and rest -induced 
heat leaks The Q meters, in Series With the Straps, provide this measurement capability. Naturally, with a system Of 
this complexity, the Q-mcter design is much more than -.imply a calibrated themuri conductor The authors' curlier 
paper (Reference 4^ describes the design of the Q-metcn. in detail. This paper reports on the methods, set- backs, 
results, and Irasom l earned during tlic <>metei calibrstkxt testing performed at Goddard Space Flight Center 
{GSFC) in late 201 1 and the first half of 2012. 


1L Calibration Test Set-Up and Challenges 


A- Q- meter Design Overview 

By design the Q- merer is completely reliant an an extensive calibration campaign m order to make an accurate 
measurement of host flow in a thermal vacuum lest Figure 2-1 illustraies how the Q -meters work, The basic design 
incorporates an Aluminum 6061 -T6 “spool" turned from a single piece of Aluminum. There arc throe '“bulk 
masses", or stages, where the temperature is controlled In I’Vcurc 2-1, they .ire labeled iL A" for the lop, “B" for the 
middle , and "C™ for the bottom. At location C, the Q-mctcr is bolted to its thermal sink, This could be a cold plate 
with refrigerated helium piped, t»r in the case of the calibration test, it copper bracket attached to a cryocooEer. 
Location B is lempcfaturt-coatrolkd via FID beaters. Aluminum I ! DO shields bolt lo 1 ovation B and cover 5 rides 
of the Q meter without touching any other surface* Healers at Location B enable ibis stage to overcome variable 
external environment heal loads, and provide a stable and completely known thermal environment for the upper 
stage, Location A. Thus, only precise knowledge of temperature at Location "B" is required. For Location A. 
however, both the temperature and the heater power are important. For cadi "A" setpoint temperature, a 
corresponding "B" set point temperature is defined to maximize accuracy and minimize total heater power that must 
be absorbed by the refrigerator or cryo-coolcr. 

Baseline Q meter calibration is performed without external heat strap loads to measure the heater power required 
at Location A to maintain a setpoint there, given the specified temperature ai Location B. The total power required 
at Location "A ’ to hold its temperature at a spec: fed value i,x constant, so that when a strap is connected, reduction 
in Stage "A" healer power from the hive line represents Che external heat from the strap. 

The absolute accuracy of the CFRNQX sensors used :n locations ,J A ff and 'TT is approximately +/- 20 mK a! 
operating temperature After calibration, however, the accuracy/repeatahdity of the differ? net in temperature across 
the calibrated neck is what b important, GSFC h.i* neen advised by the sensor manufacturer thni thermit l drift over 
hoc cun be reduced if the sensors j ic not subjected lo multiple rapid thermal cycles. Additionally, since the sensor*, 
on both stages are taken from lhc same chip, the likely scenario iv that the two sensors will drift in the same 
direction, iruunuumng a more accurate measurement of the difference in temperature. Given there predictions, 
thermal drift of the sensor* translates into an expected king term repeatability of healer power and accuracy of the 
Q-mcter, to less than +/- 2 mW over the entire test program. 

Figure 2-2 shows lhc detailed design that results from the concept shown in Figure 2-1 Figure 2-3 Shows the Q- 
metcr on the laminar flow bench before final integration with the shields and top heater plate. Some of lhc buitt-in 
features of tile Q-merer which cotanbure lo the robustness of the design are visible in Figure 2-3. The shields are 
attached to the middle level only, m order lo maintain a constant and repeatable radiative environment for the 
calibrated top ntick (A to B> The thermal contacts are enhnneed using Apiezon thermal iuleriace material. Alt of 
the very thin phosphor bruise wires are staked ro the Q-meter spool m multiple locations with riycast, such that they 
become part of the calibrated and repea ruble Q- meter Finally, all of the beaters are iosialJed on ^spreader pines" 
made of Aluminum 1 1 (XI in order to evenly spread the heat before it is Transferred into the Aluminum 6061 spool. 
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B, Requirements md Goals For the Tali hra boo Program 

The requirements of the Q-mder CaIibtvlk)D test campaign are to verify its key design features, and to creme a table 
of temperature setpoint v* top heater power for use m calculating strap heat flow in later testing with additional 
hardware. The Q-mater calibration test should: 

E Report heater power over a large range of set-pointi, and show that it ii within acceptable parameters for 
use in the I SIM Cryovac tests. 

2. Measure the conductance v», temperature of the neck from Location A to location B in ease measurements 
arc required at tempcTfi cures other than the specifically calibrated points . 

3. Demonstrate that the Q- meter measurement is repeatable after multiple thermal cycles. 

4. iJemonstraie that the Q- meter is insensitive to variations in both conductive ,md radiative environment, 

5. Prove that the Q meter actually measures heat flow :o +/- 2mW over the range of provided boundary 
Temperatures (Stage “A”) of IBK to 50K, 

C. lestScl-Lp 

The Q -me ter calibration test utilizes a small Varian chamber at CISFC. Figure 2-4 shows the bottom half of the 
chamber before iusiaiiation of the Q-meler The chamber has a eryocooler dun in capable of reaching approximately 
J2K without load, and 20K with 5 W The cold-head is shown in the center of the picture, with a circular bolt 
puaenu The Q-meler is aitached via a copper bracket to the cold-head. The chamber also features a nitrogen 
shroud, controllable from room temperature to JOCK, that lowers onto the ponton of the chamber shown in Figure 2- 
-. Jung with the res.' uJ' the pressure ecs*?], Figure i b ,t wider view of the chamber w th the Q meter insudied. 
Great Icnglhs were taken to allow the Q meter tn gel tu operating Temperature, and to prevent shorts between the 
harnessing and the Q-meter that might invalidate the calibration, In Figure 2-6, the large disc covering the portion 
of die chamber that docs not have a nitrogen ihroud h connected to the first stage of the cryocooler. and reaches 
a bon: 50-60 IT As is shown in Figure 2-6, ill wires are sunk using al umin um tape to Lhiv stage first, when they enter 
the chamber from the room temperature preiiuie vessel wills, After allowing a spun of wire large enough to avoid 
thermal shorting of stages, die wires are additionally sunk using copper tape to the copper bracket dint is attached to 
the second stage of the cryocooler,, and ore then plugged into the Q-merer's external conucctors. In order to av^id 
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smerfmnce issues when closing the chamber, the nitrogen shroud docs no I fully extend into Lte bottom half of (he 
chamber, h scops a few inches short of that point. Instead of using a blankei to shield the Q-metct from room 
[emperatune radiation, an aluminum tape burner is imlizcd (Figure 2-7). Unlike blankets, which will warm in 
response 10 room temperature radiation on one side, (he aluminum tape immediately conducts the heat into the 
nitrogen shrouds. Finally, nn ML! blanket cover*, the entire bottom portion of the chamber, aot! an SLl blanket 
covers the Q-iiiclcr in the final configuration. Figure 2-li shows the final configuration, during the chamber break ut 
the end of the 3 rd cycle of the calibration test. The blanket and the aluminum tape ring nicely conform to each other 
and complete the isolation of the Q-mcter from the ambient environment. 



Figure i-l Chamber 


7 

American Institute of Aeronautics and. Astronautics 



i ifiurr 0 -Meter InUlltetli Minus BIinlKlttg 



ft 

Amcocan Institute of Aeronautics and Astronautics 




FipoTT Nilrfip ci ShrLTtJcl ( li.vtiml 



9 

American Institute ol Aeronautics and Aeronautics 


Figure 2-8 -shows, the Q-rneirr with a wire prnlrtiding from the lop. which if suspended from an isolated bracket, 
and finally sunk to ihe second stage of the ayocodlw. That ware is only connected when the heater calibration plate 
(not pari of Q-rocicr i is used 10 check the ace unity of the Q-raetet after the baseline calibrations. The. cal; brti Lion 
plate has heaters that simulate the footprint of Ihe flight heat straps m the Cryovae test. The wirca for those heaters 
and sensors are coiled inside and taped to the plate such that they cannot touch the top shield throughout the initial 
baseline calibration. When used to verify Q-nwter calibration accuracy, the wires arc pulled out. suspended as 
shown in Figure 2-ti nod Figure 2^9, end attached ;o power sources, A known amount of heat is then applied at the 
beater calibration plate, end the Q- meter is checked to verify that the total heat (internal plus external ) required to 
maintain Stage A temperature at the thermal boundary is identical it) 1hat required in the baseline calibration,, 
without external heat 

The muting of ihe wires for this measurement poses a challenge, ft is estimated that the tununk wire length 
would be approximately 1 0” maximum, and a hand calculation for the conductive heat leak of the 2ft gage phosphor 
hr o lire healer wires and the 36 guge phosphor bronze sensor wires indicates about 0.8 mW if the top of the Q -rue ter 
Is set to a high temperature setpoint in the 40’ § K. Additionally, in ihe opposite direction, with 1 W to be measured 
on the calibration ksad beater plate, hand calculations show Joule heating of about 0.7 ntW in the wire. Provisions 
for an external assembly it) maintain an adiabatic wire imerface were considered, but rejected because they would 
only have resulted in nuugma] improve mrni in measurement accuracy. The Final design maximizes the unsupported 
length of the wire, minimizing parasitic heal leak to the heater plate. Additionally, during the fimd cycle of the 
calibration, only 200 - 300 mW It, applied at the heater plate to better match actual expected test values, and to 
reduce Junk beating in the wires. 
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D. Calibration Test Profile 

Calibration test goals described in section B are met wiih a calibration program including 4 thermal cycles 
(ambient to cryo). wiih up lo 162 thermal balances. Each balance point requires approximately ] hour, because the 
Q-n^ter nuiss ih approximately 5 kg. and practically exclUiLvely made of aluminum. The complete calibration 
program (4 thermal cycles) requires between 1.5 and 2 weeks per Q-meter, Calibration of the Q-meicr during the 
first three cycles is completely automated, but :be final cycle requires, s. chamber break and user input during post- 
chamber break cryo balances 
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Figure 2-H> shows the planned cnlibra-riori test profile, ^nnotBied with description* of the test phases The first, 
phase, after die initial cool-down fulfills goal fll from rhe List m the previous section. The rejmli of those 55 
temperature setpoints is a look-up table with 1 10 pairs of setpoints for the fop (Stage A) and middle (Stage B) Q- 
meter levels. Since the Q-meter needs 10 be a robust imminent for 3 tests, each of which fast ! l months, redundant 
heaters and temperature sensors are both into the system. Therefore., lor each temperature setpoint, u balance must 
be completed for die A s^de beaters ami tensors, and also for the R side heaters and sense re, The second "phase" 1 of 
the testing fulfills goal $2 from the list above. After the initial population of the Q- true ter calibration .matrix, the 
middle ami top seipoims are sex only IK apsrt, and ''walked down" in 1 K increments across the expected useful 
range of the Q-Oielcr. Setpoints, with 2K difference in temperature are mixed in, m order En rule out systematic 
error* in ifae measurement. Thu phase of the lest quantifies the actual conductance of the calibrated neck between 
the lEmperaturc aenSOfS. In the first phase, discrete setpoints are texied. The discrete setpoint method depends on 
choosing a caltbrnkm point thar matches the final required temperature setpoints in the Cfyovac test. Although the 
radiator temperature boundaries for the Cryuvac balances are known at this point, they may change slightly as the 
Observatory thermal design and analysis proceeds. The 55 temperature setpoint-, in the calibration test span the 
range from 20 K. id 50K on the top cl the Q- meter. and they me clustered mound the current ptedicboru for the 
mLljjior temperatures. Near I hose "sweet spots”, the Q-meter is calibrated at intervals of jost 0,25 K However, for 
setpoints between [he 'Twee;: spots", the Q-meter may only be calibrated at IK increments. Stepping through the 
temperature range with a I K PT between stage A and stage 9 will enable interpolation of heater power at Stage “A" 
to accommodate any changes to defined boundary rempemurcs. 

After the conductance is quantified, the Q-mcter is returned to ambient temperature and held at that level for 
approximately 4 hours. The second cycle fulfills goal “3 (repeatability) ;n the list above. A small subset of the full 
cal i brut inn » performed during the second cold cycle and the results are compared against the results front the first 
cycle. 

The third cycle is very vimihir, with the exception of the nitrogen shroud profile. The nitrogen shroud is set at 
I50K in order to prove that ihe Q-meicr shield and SU make it insensitive to change* in the environmental 
temperature between its calibration and usage in a test- In Uk Cryovac test, while it is taking readings, the Q- meter 
will see ait environment of about 50K instead of IOOK. blit that exact scenario cannot be replicated in the available 
calibration chamber. 
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After the third cold cycle, die Q- meter and chamber are returned to ambient temperature and a chamber break ia 
performed. Hot the first Jure cycles, the wires for the calibration load heater plate anr lucked inside the Q meter. 
The wires themselves, and tbc small hole in the shield, could effect rhe Q-mcicr calibration by multiple if they 
penetrated the shield during the fir%t three cycles, for the final cycle, the wires for the beaten and sensors on ‘M top 
plate are suspended from art isolated structure above the Q- meter, mud power is applied to the heaters to simukte 
heat arriving from the flight heal strap The Q -meter's final test during calibration fulfils goal *5 in the list above. 
S' -me inaccuracy from the; conduction and .'ouk heating in the wines is expected, but the Q-meter should be able m 
bnck-cakulaic the amount of heat being applied to the load eahbraoon beaters to nearly the accuracy expected of the 
Q- meter. 


fu Teal ICxecution Challenges 

ChuJlenges in the actual execution m the test £rase from the complexity of the Lubvicw software system did 
controlled the test, and in die port-processing of the large volume of data thitl the calibration generaies The Q- 
meter is a non -flight instrument* and a full calibration sequence, including -4 thermal cycles, takes approximately two 
weeks. As j result, it is considered acceptable to aumnnate the process, and rn)t require conn no us human attendance 
during Mil- ujJibruiian The l.ubsjcv- program that ram on an external computer allows the u>e: to input ,i large 
matrix of setpointi* and define how the system moves from one setpoint to another (control methodology! stability 
criteria, etc), After much fine-tuning,, the Q-meter calibration test reliably sets lev: heaters and monitors the stability 
of 'Jii- to p and middli $ luge A and Stage lU heatern. When the healer power becomes slabk. die. system declares a 
30 minute soak and then moves on to <hc next setpoint. Stability is determined by comparing the averages of two 
different sets of voltage data liken at different times. The criterion is set by trial -and-error in he the lowest number 
that would still always be reached within about 30 minutes. The function of the stability murine is to provide an 
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initial condition for ihc soak It accommodflic-i instabilities in ihc ayocoolcr, and certain other test-related! 
problems. Additionally, since ihc capacitance and conductivity of the mated al iliangcs with temperature. the 
stability routine provider the heaters mote tune to settle if they oscillate at one end of the temperature range more 
than the other. Finally, all of The data from each temperature soak is postprocessor after the cycle and checked to 
make sure that the heater power docs not change by more than 1-2 mW per hour for the soak and that the Mundutl 
deviation and range of tbc data is acceptably low, If not, those temperature setpoints are repeated on another cycle. 
The system is also able to warm up and cool-down on its own, such that the first three cycles may be performed 
without any interaction (other than adjustments to planned setpoints if same need to be repeated ). 

The other early challenge in the cahbraiiun test presented itself in the interpretation of the volume of data being 
collected by the system. The system records temperature and heater information approiimaiely every 2 seconds. 
Figure 2-11 shows the stdiimiat performed on a sol of 300 dotapauns ( 10 nun) fur a particular tempcTarure setpoint. 
This set of data is quite ftnod, showing a slope of only 0.01b uiW/hr and a similarly smell standard deviation mwl 
range of the data. Hie average of this data h the final result for the heater required for this timestep. Initially, these 
statistics were performed at the end of the step, in order to get Ihc best answer. However, it was found that 
occasioned disturbances in the cryocoolcr could a fleet the reading of the top healer power. Therefore, a routine was 
developed in Visual Basic for Applications that performed the statistics shown in Figure 2-1 J lor many time periods 
within the soak, and reported the results and location of the best scl of X datapaints. 
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F. C'ulibruiiun Text fniitnl Results 


P.gure 2-12 shows it n early set of results, when 1DQ datapamts were chosen for tile average instead of 300. Tt shows 
a subset of the 55 temperature setpoints, for both primary and redundant healers. A] mast all of these results show 
good slope, standard deviation, mnd range of readings for die daiapoints selected for statistics, 
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Figure 2 - 1 2 Q-Meter CaJihi itthm Initial Results 


Figure 2-13 shows initial results of the repeatability of the Q-meter, The first set irf data from Dec, [9 aciu.Lliy 
hat a 15QK shroud setpoint. The*? results show relatively good repeatability from one cycle to the neat, even when 
the external environment is diffencnf by 50K, There iv.ii some trouble wish PI parameters for these runs, and the 
final repeatability measurements air expected to be even better. 



Mon ^ or 

ts(mW) 

Rfp#*Ubilit> (mWl 


"bpTiK: 

t.b: Tilt) 

Bot T tKj 

19-D-5C 

2l'3ee 

22- Dee 

«bs(l'2> 

JbS{l*3) 

9b9(2-3) 

UA) 

IS OK 

16 500 

14,50 

Ml 

330 

332 

1.2 

1,1 

2 3 

. m 

IS 000 

16.500 

14.50 

332 

33? 

332 

1*4 


0.7 

3 £Ai 

20.000 

18*000 

15.00 

561 

551 

5c2 

05 

04 ' 

0.9 

j(B) 

20.000 

15.000 

lioo 

HZ 

3G4 

563 

tt 

04 

1.4 

5(A) 

:sooe 

21.000 

17 00 

£43 

« 

646 

3,5 

QA 

0,2 


23 GOG 

21.000 

17.00 

642 1 

644 

642 

22 


2.2 


figure Id 3 Q- Meter Repeatability Initial ttcmlEi 


Finally, the ability of the Qvracffir to independently measure a healer power was ai?o tested for a couple points 
during the initial calibration Best At a 3GK top temperature, 250 mW was applied, and it was measured to within 3 
mW (1,2%). Additionally, at a 30K top temperature, 50 mW was applied, and it wim measured to within I mW 
( 2 * 6 ). 

The final and largest challenge uncovered in I he initial Q~ meter calibration testis that the Q- meter required much 
more heater power than initially expected- The next section details the issues that the thermal team had with the 
discrepancy between the available conductivity data, and the actual performance of the Aluminum 60G1-T6 Q-meter 
at cryogenic temperature. 
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ITL Q- Meter Conductivity Issue and Modification 

A. Clwiicc nf 6061 -Tft for ceniraj 

Aluminum 606 1 T6 chosen for iwo reasons: 

I* 6G6I-T6 has a high conductivity at ambient temperature relative to its conductivity at cryogenic 
te nipet iiluro. In tbc large ISIM Cryovac ten* the Q-mctcrs arc in ihennal series with the invtrjmcnts. The 
Q meter thus minimizes its impact on the cool-down. white its. reduced conductance at cryogenic 
temperature results in improved accuracy of heat load measurement. 

2. Aluminum 606 I T6 is very commonly used in the aerospace industry, easy to machine, and its conductivity 
was though! to be wcII-undeiVood and documented. The team learned, however, that the conductivity of 
the mncenal was not as well understood as previously believed. 

B. (J-Mc ter Actual Conductivity 

During the first balance point, the Q-meter required far higher healer pawn: on stages A and B than predicted. 
The first sefpoim wax predicted to require 357 mW on the top healer, and it balanced ul 620 mW The following 
explanations were postulated: 

1 . The Q-mcicr was not completely pumped out, resulting in Free Molecular Heat Transfer between stages. 

1 . However, the Q meter was not air-tight by any metms, and temperature setpoints below 
approximately 27K would have frown nitrogen unto the Q-meter and reduced the pressure. 

2. I he nitrogen condensed an the Q rrcici increased its eitriffidvity from 0.1 to L0 

a_ Calculations showed the effect of an tmissivity of I is a fraction of I mW. Additionally, {he same 
factor was seen at lemperatures above the sublimation point of Nitrogen at hard vecuum. 

3. The Kcidtky hemer supplies were reading sneo erectly 

a. The Q-metcr waj balanced against the cryncoolw using different sets of beaten, and all resulted in 
cryocoolcf (CEnperuiinres that matched die known capacity of the cryoeookr 

4 The wires and Teflon insulation were contributing to the conductance 

a. Hand calculations showed ibis contribution to be on the order of mW. 

5. The, Q-coerer wax not actually made of 6061 -T6 Aluminum. 

a. Material certifications were consulted, 

6. The Q- meter was. not machined :o the correct dimensions 

a. Drawings were consulted and ihe other 4 Q meter spools were measured. 

After the above causes were investigated ami subsequently rejected the possibility that the 6061-T6 Aluminum 
m the Q merer might not have the same conductivity as the trusted XI ST data was considered. Two resources that 
more closely matched the results of the Q -merer were found in iireraiiire The thermal conductance of the as-built 
Q-roeter was measured by stepping through the temperature range with a difference in temperaiure of I K or 2 K 
between the Top (A) and Middle (B) levels of the Q-roetcr Combined with precise knowledge of ihe area to length 
ratio from the very detailed -1 1,000 node thermal model of the Q-meter, material conductivity was Calculated from 
the measurements. Figure 3-1 shows test data, plotted with three conductivity resources for 6061 -T6, Bull 
Aerospace (BA5JD) data, and data from, a paper by Adam Woodcraft of the Cardiff School of Physic* ami 
Astronomy in the UK (Resource 5) much mure closely match Ihe conductivity of the Q-itHHer. The Q -merer data 
results from two separate runs with different FID heater parameters. Additionally, 2k L>T datapointx Lire plotted at 
the extremes of the range and m ihe middle, which show good agreement with die I K DT data points. This is done 
to reveal any systeimtic errors in the temperature sensors The datapoints at lbc bottom of die plot, corresponding to 
The secondary y axis indicate how well balanced each ristapomt is. Most of these balances used sets of data whose 
bert fit line's slope is lower than I inW/hr. 
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Q- Meter Conductivity Measurement Results 12/ IS/ 11 
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figure 3-1 Aluminum 6061'T6 Conductivity Rtwmrcts Compared to l)-Mritr KesuJls 

The ISXM Thermal tcamN conclusion on this matter is nor necessarily that the NIST daLais incorrect, The paper 
by Adam Woodcraft (Reference 5) actually deals with this exact question In his paper, WoodCfifl explains, that 
■vignifichni variation in thermal conductivity may be observed in materials with even the same alloy and temper due 
to variations in the concentration;; of impurities and tempering process Dial still fall msidc the range allowed for the 
alloy. He goes on to say, *lM}ost thermal conductivity measure nietus were made several decades ago; changes in 
production methods may cause modern alloys to have differeni properties 11 Indeed a paper (Reference 6) by 
scicnidsiK from NIST stales that many ol their cryogenic conductivity references hove nut been updated riiiee I9?7. 

C. Q-Me(*r Modification 

The Q-meter could have, been left as -is. However, rwo con sequencer of failure to modify the Q-tnciefS arc: 


The Q- merer inaccuracy due to long term drift of the accuracy of the iJel'u T between the top (A) and 
middle (B) is directly proportional to the factor between the actual and expected conductance of rhe neck 
(see Reference 4 for more details). 

2. The Q-mcter would not have been able to reach some of the upper temperature levels ;hat may have been 
required in the 1SEM Ciyo-vac tesl, While the temperature of the coid-pbre interface on the Q-metcr could 
be raised using the Q-meter warm-up heaters in the baseplate of the Q- meter during the calibration test, ihe 
rtfrigeniirr m the large .Space Environment Simulator during the 751M Cryo-vac tesr is much more 
powerful. Getting the top (A) and middle (R) temperatures to the upper portion of the initially planned 
range would have been impossible with the beater power designed into rhe Q-meters. 


Besides the possibility of damaging the Q-meter. a concern with the modification cf he Q-rnctcr was that the 
modified Q-meter would slow down the test The modified Q-metcr would have a much lower cross sectional area 
in order to make up for the large difference In conductivity at cryogenic temperature*. However, although the Q- 
metcr was not rested as such conductivity values in the literature that differ by almost 80% at cryogenic 
temperatures differ only by 10-20% at room temperature , Thus, the modified Q- meter could slow the test in the 
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initial stage? of tilt (1005-down, Iwtimately, as Figure 3-2 shnws, :hjs is not the case. Figure 3-2 shows the 
predicted time in days for each of the JWST Scientific Initnunents to reach a balance criterion during the Cryovac 
test. The simulation of the "As Buiir Q-meiers does decrease the lime to balance by about 1? hours. Ho wever, 
modifying the Q-meter to mutch at ETyo|cn;e tcmpemture hud punctually no effect on the slowest instrument when 
compared to the initially planned numbers The reason for that probably has to do wLtb the. dominance of radiation 
at the he winni ng of the cool-down, Til us, when the difference in conductance (jet ween the planmed Q meter and the 
"Drilled Out” Q-mcter is largest, the contribution of the straps (and Q-metcr'i in scries) is smallest. 
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Figure 3-2 Effect of Q'luder Modification cm Cryovuc Test tool-nmm 


Therefore, it was decided to drill out ihe center of the (J- meters in order to match the initially planned 
conductance. Figure 3-3 shows the conductance Factor as a function of the average temperature of the neck between 
the lop (A) and middle (B) stages of the Q- meter Since the Q-melet is primarily planned to operate in the range 
from 30 42K, the d&tapnint'i in that range were averaged, ami a final result of 1 .74 was obtained. This 

conduct mice factor became the area reduction factor. 


Q-Meler Conductance Factor (Actual / Fnoocted } V», Temptrature 
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Figure 1-4 shows the plan for drilling out the easier of the Q- meter, Standard hole sizes were chosen I but most 
closely matched the area reduction goal. The holes in red may look very large, bin they are actually only reducing 
tie area hy 43 ft. Approximately 57% of the cross sectional Brea remains Figure 3-5 shows the -1 1.000 node 
Thermal Desktop model results after the modification. Especially with respoci to I he top (Stage A) hearer power, 
die expected power (from original NLST data} mulches the new power (with aetunl conductivity, drilled out) very 
closely. One side effect of the drilled hole is that the top of the Q^meter Stage A gains a radiative view of the 
bottom. Close bspecdori of the data in Figure 3-5 reveals this effect, When the top heater powers are compared 
between calibration and the Cryovac Chamber (SI:S). the only temperature difference is the bottom level. It is 
colder in the SES chamber This seems to rcsnli in a fraction of a tnW difference in top heater power, because of the 
view io the bottom Therefore, a small disc of aluminum tape was taped on both sides of the central bole, and staked 
ss uh sly cast. Figure 3 -IS shows this modification, 



Figure 3-4 Q-Mcter Ami ft eduction Holes 
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Ugart 3-6 Q-Meter A™ Redaction Holts 


IV. Calibration Re-Teut Results 

After the modlfichlion of the Q~mcicr r heater power required at each stage matched the initial predictions lo 
within 3%. The calibration teat able to reach all setpoints and balance to belter than I mW/hr at each, with 
similarly small standard deviadom and ranges. Each of these dam points is the result of two Ht Wq»" in die Lithvicw 
program The first step utilizes high gains in the PI controller u> get very close to balanced with the setpoints 
required- At that point, the gam is dropped and the integral i- kept the same, Thii forces the program to decrease 
the magnitude of its adjustments to the 1 or 2 mW range. The program waits until its stability criteria arc met. and 
then dwells, for 30 minutes Ai was done for the initial calibration testing, & Visual Basic program was used to 
march ihrough the dam and perform statistics on 300 data points ( 10 minutes) ai a time throughout [ hc range f 
choosing Lbc beat point in the dwell to report Figure 4-1 show* a small subset of the data collected during l lie re 
ctdibradon resting of the Q-mcter after the area modifications 
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At this point is the testing. completion of the calibration through nil 4 cycles was interrupted by an over- 
temperature event on the hardware. During unattended operation over a weekend, the chamber experienced a 
pressure spike, resulting from nitrogen ice sublimation as the chamber warmed Through the 25-30K temperature 
range. The pressure spike triggered the Luhview software's manual mode, which shut down cooling but tailed to 
Urn off internal Q-mcter heaters. The Q- me ter reached a temperature of approximately 500 K* which required 
replacement of all heaters, sensors, and wires and the chamber' s cryocoo ter, 


V. Conclusions and Lessons I turned 


A, Conclusions 

The calibration testing of the Q meters designed for use in the Cryo- vacuum testing of the Integrated Scientific 
Instrument Model of the James Webb Space Telescope at Goddard Space Flight Center baa shown the Q- meters to 
be a quite capable and robust system. The development of these devices results in a system thm is well 
characterized, mid will perform as -designed The ISLM team anticipates dial these 5 Q- meters will be used 
repeatedly m Goddard for even more applications than are currently envisioned. In fact, the first use is planned for 
trid July 2012, when the first calibrated Q meter will be used as a stand-in for a cryocooler stage in the MLR! shield 
balance lest, at temperatures as low as IKK 

B. Ltasons learned 

For tire benriit of future attempts at building and calibrating accurate cryogenic Q- meters, the authors have 
compiled the following list of lessons learned: 

Almost any metal can exhibit conductivity characteristics that are difficult Lo predict, especially alloys, 
and especially at cryogenic temperatures, Always plan to measure conductivity of the material in 
question if the property Is critical to the application. Additionally, as even batches of 506 1 -T6 that are 
74% different in conductivity at cryogenic temperatures are only 10% different at ambient temperature, 
E he testing must be done at the final desired temperature. 

For critical applications, never trust just one or two sets of property data, even if they are very highly 
trusted and accepted as the official properties by the project. 

For applications in which conductance is critical, either design hardware that works for all published 
conductivities, or retain the ability to remove material if needed. 

Any higldy-aociimc Q meter must be pm-calibrated. Reliance on properly data only would have 
produced a useless instrument, 

Always incorporate both hardware itnd software safety limits for the test article, cveu if it h non-flight, 
especially during unattended operation. The exact details of the event are beyond the scope of this 
paper, but the rest experienced an over-temperature condition during unattended operation that resulted 
in damage to the Q- meter and test facility, raquiring extensive refurbishment. The computer responded 
to a pressure spike by turning oft cooling, but not heating, and also disabled the over temperature 
protection in the software, A secondary safety system using the Lnkeshore 2 IS units may have 
prevented the need for reftirbj shine nt 

Dale Ohm hearers, QiRNOX sensor*, and Diodes have been very robust during the calibration test, and 
have proven then worthiness for this application. 

He sure to thermally sink, all harnessing that crones thermal boundaries. 

Aluminum tape or thermally sunk foil is a much better boundary to thermal radiation (see application 
on nitrogen shroud) than even thick blankets. 
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Appendix 

- Aerortyms 


EGS 

Fine Guidance Sensor 

MIAI 

Mrtf Infrared Instrument 

GHe 

Gaseous Helium 

MIRCam 

Near Infrared Camera 

GN, 

Gaseous Nitrogen 

NIRSpct 

Near Infrared Spectrograph 

G$E 

Ground Support Equipment 

OSIM 

OTE Simulator 

GSFC 

Goddard Space Flight Center 

QTE 

Optical Telescope Element 

15IM 

Integrated Science Instrument Module 

PI 

Proportional Integral Controller 

JWST 

James Webb Space Telescope 

5ES 

Space Environment Simulator 

LN a 

Liquid Nitrogen 

SI 

Science Instrument 
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